In embryonic stem cells (ESCs), the transcription factors Oct-4, Nanog and Sox2 coregulate the expression of genes encoding key molecules involved in self-renewal and differentiation, functioning as core elements in a transcriptional hierarchy essential for the maintenance of pluripotency 1,2 . Somatic stem cells such as hematopoietic stem cells (HSCs) share several fundamental properties with ESCs, including a dependence on molecules that regulate self-renewal, differentiation, proliferation and cell survival and a requirement for polycomb complex-mediated repression of developmental transcription factors 3-5 . However, unlike ESCs, HSCs do not have a defined set of core maintenance transcription factors or 'master regulators' . Oct-4, Nanog and Sox2 are downregulated during early embryogenesis and, with few exceptions, the genes encoding molecules essential for the maintenance of ESCs and HSCs are not identical, which suggests that distinct transcriptional mechanisms regulate the maintenance of ESCs and HSCs.
A r t i c l e s
In embryonic stem cells (ESCs), the transcription factors Oct-4, Nanog and Sox2 coregulate the expression of genes encoding key molecules involved in self-renewal and differentiation, functioning as core elements in a transcriptional hierarchy essential for the maintenance of pluripotency 1,2 . Somatic stem cells such as hematopoietic stem cells (HSCs) share several fundamental properties with ESCs, including a dependence on molecules that regulate self-renewal, differentiation, proliferation and cell survival and a requirement for polycomb complex-mediated repression of developmental transcription factors [3] [4] [5] . However, unlike ESCs, HSCs do not have a defined set of core maintenance transcription factors or 'master regulators' . Oct-4, Nanog and Sox2 are downregulated during early embryogenesis and, with few exceptions, the genes encoding molecules essential for the maintenance of ESCs and HSCs are not identical, which suggests that distinct transcriptional mechanisms regulate the maintenance of ESCs and HSCs.
Ldb1 is a broadly expressed self-dimerizing nuclear factor that functions as a subunit of DNA-binding complexes in diverse cell types 6 . In hematopoietic cells, Ldb1 forms a multimeric protein complex with the non-DNA-binding adaptor Lmo2 and transcription factors of the zinc-finger family (GATA-1 and GATA-2) and/or the basic helixloop-helix family (Scl; also known as Tal1, Lyl1 and E2A) 7, 8 . Lmo2, GATA-2, E2A and either Scl or Lyl1 are required for HSC specification and/or HSC maintenance, which suggests that these factors function together in higher-order Ldb1-nucleated multimeric complexes to regulate gene transcription in HSCs [9] [10] [11] [12] [13] [14] .
In this report we demonstrate that Ldb1 is required for HSC specification and for the maintenance of both fetal and adult HSCs in mice but is not essential for ESC maintenance. Induced deletion of Ldb1 in hematopoietic progenitor cells resulted in the rapid depletion of HSCs and the downregulation of many genes encoding molecules known to be required for the specification and/or maintenance of HSCs, which suggests a role for Ldb1 complexes in regulating the transcriptional program necessary for HSC maintenance. Consistent with that hypothesis, genome-wide analysis by chromatin immunoprecipitation coupled with sequencing (ChIP-Seq) identified conserved Ldb1 complex-binding sites in or near 20 of 28 HSC genes analyzed and in 11 of 12 known enhancer elements in the vicinity of these genes. Together our results support a model in which Ldb1 complexes control a core transcriptional program required for HSC maintenance by restricting HSC differentiation.
RESULTS

Ldb1 is required for HSC specification
We verified expression of Ldb1 in ESCs by RT-PCR analysis of Ldb1 transcripts and by intracellular staining for Ldb1 protein (Fig. 1a 1 3 0 VOLUME 12 NUMBER 2 FEBRUARY 2011 nature immunology A r t i c l e s and Supplementary Fig. 1 ). To investigate whether Ldb1 is required for ESC maintenance, we generated Ldb1 −/− ESC lines from a single germline-transmitting Ldb1 +/− clone 15 by targeting the remaining wild-type Ldb1 allele 16 . Inactivation of Ldb1 did not affect ESC growth or morphology or the expression of genes encoding molecules essential for the regulation of ESC maintenance, including Nanog, Zfp42 (encoding Rex1) and Pou5f1 (encoding Oct-4; (Fig. 1a and Supplementary Fig. 1) ). In addition, the formation of embryoid bodies and the expression of mesodermal genes, including T (encoding brachyury), Bmp4, Smad1 and Kit, were not impaired in the absence of Ldb1 ( Supplementary Fig. 1 and data not shown). However, Ldb1 −/− embryoid bodies generated very few cells of the hematopoietic lineage in culture, as assessed by expression of the cell surface markers Flk1 and CD45 (Fig. 1a and data not shown) . We observed few hematopoietic colonies at day 9 in Ldb1 −/− embryoid body methylcellulose cultures 17 , and the frequency of embryoid bodies that produced hematopoietic colonies was much lower for Ldb1 −/− embryoid bodies than for the Ldb1 +/− or Ldb1 +/+ controls (which showed similar differentiation potential; Fig. 1a) . These results suggest that there is normal ESC maintenance but defective hematopoietic specification in the absence of Ldb1.
Hematopoietic progenitor generation in the absence of Ldb1
Ldb1 is required for anterior-posterior patterning and organogenesis during early embryonic development; however, its role in hematopoiesis has remained unclear because of the early death in utero of Ldb1 −/− embryos 15 . To evaluate the developmental potential of Ldb1 −/− ESCs in vivo, we generated chimeric mice by injecting Ldb1 −/− or Ldb1 +/− ESCs (both CD45.2 + ) into blastocysts from CD45.1 congenic mice deficient in recombination-activating gene 2 (Rag2 −/− ). All Ldb1 −/− ESC chimeras with a high percentage of tissues derived from Ldb1 −/− ESCs died during gestation; therefore, we intentionally generated chimeras with a low percentage of cells derived from Ldb1 −/− ESCs by injecting fewer Ldb1 −/− ESCs (or control ESCs) into Rag2 −/− blastocysts. In addition, as the in vitro differentiation potential of Ldb1 +/− and Ldb1 +/+ ESCs was equivalent and as Ldb1 +/− mice showed no hematological defects (Fig. 1a and data not shown) , we used Ldb1 +/− and Ldb1 +/+ ESCs and mice interchangeably as controls in these and subsequent experiments. All adult Ldb1 −/− ESC chimeras had few mature CD4 + or CD8 + T lymphocytes and mature B lymphocytes positive for immunoglobulin M and immunoglobulin D (Fig. 1b and Supplementary Fig. 2b ). As lymphocyte development is blocked at an immature stage in Rag2 −/− mice, mature lymphocytes in chimeric mice were derived from Ldb1 −/− ESCs, as confirmed by the finding that all lymphocytes were CD45.2 + (originated from Ldb1 −/− ESCs; Fig. 1b) . However, Ldb1 −/− ESC-derived cells with low to negative expression of lineage markers and positive for expression of the markers Sca-1 and c-Kit (Lin lo-neg Sca-1 + c-Kit + (LSK cells)), which include HSCs 18 , were undetectable in the bone marrow of all Ldb1 −/− ESC adult chimeras regardless of their age (Fig. 1b and data not shown). CD45.2 + B lymphocyte progenitors (B220 + CD43 + ) and Gr-1 + granulocytes (which are short-lived and require constant replenishment from bone marrow progenitors) 19 were also absent from the bone marrow of all Ldb1 −/− ESC adult chimeric mice (Fig. 1b) . Ldb1 −/− ESC-derived immature CD4 + CD8 + thymocytes were present in young adult Ldb1 −/− ESC chimeras (<8 weeks old), but these cells were absent from older mice (Supplementary Fig. 2a) , which indicated that although they were fewer in number, hematopoietic progenitors were generated from Ldb1 −/− ESCs but eventually underwent depletion in adult mice.
To determine if Ldb1 −/− hematopoietic progenitors could be detected at earlier stages of development, we examined fetal liver cells from chimeras generated by injection of Ldb1 −/− ESCs into C57BL/6 (B6) Ldb1 +/+ blastocysts (Fig. 2) . We identified ESC-derived cells of the hematopoietic lineage through the use of the Ly9.1 marker, as hematopoietic cells derived from ESCs of the 129 strain express Ly9.1, but blastocysts of the B6 strain do not. Low numbers of Ldb1 −/− LSK cells were present in fetal livers of all Ldb1 −/− ESC chimeras at all stages of gestation analyzed (embryonic days 13.5-16.5 (E13.5-E16.5); Fig. 2a and data not shown), which demonstrated that LSK cells were generated from Ldb1 −/− ESCs and that the absence of detectable LSK cells in adult mice was not caused by lower expression of c-Kit and/or Sca-1. In addition, Ldb1 −/− fetal liver LSK cells were able to give rise to CD4 + CD8 + cells in the fetus (Fig. 2a and data not shown) , which demonstrated that they retained normal lymphoid differentiation potential. Ldb1 A r t i c l e s LSK populations include a small number of long-term repopulating HSCs (LTR-HSCs) with the capacity for indefinite self-renewal and multilineage differentiation 18 . The presence of LTR-HSCs can be established experimentally by testing if fetal liver cells can reconstitute hematopoiesis in lethally irradiated adult mice 18 . Control Ldb1 +/− ESC-derived fetal liver cell populations included LTR-HSCs as donor (Ly9.1 + ) LSK cells, and immature B220 + CD43 + B cells and immature CD4 + CD8 + T cells were present in recipient mice 16 weeks after transfer ( Fig. 2b and Supplementary Fig. 3b ). In contrast, although low numbers of mature T and B lymphocytes were present in the spleens of Rag2 −/− mice given injection of Ldb1 −/− fetal liver cells, we detected no donor LSK cells, B cell progenitors or immature T cells ( Fig. 2b and Supplementary Fig. 3b) . We confirmed the absence of Ldb1 −/− LTR-HSCs in secondary (bone marrow) transfer experiments ( Supplementary Fig. 3c ). These results demonstrate that Ldb1 −/− fetal liver LSK cell populations included progenitors that could transiently support hematopoiesis but did not include LTR-HSCs. In addition, they show that the defect in Ldb1 −/− ESC-derived hematopoietic progenitors was cell autonomous.
To verify that the defects of Ldb1 −/− hematopoietic progenitors were due to loss of Ldb1 expression and not to artifacts caused by ESC manipulation, we reconstituted Ldb1 expression in Ldb1 −/− ESCs by transfection of a bacterial artificial chromosome containing the entire Ldb1 gene. Fetal liver cells derived from those ESCs at E15.5 were able to establish long-term colonization of recipient bone marrows ( Fig. 2b and Supplementary Fig. 3b ). This demonstrated that the defect in Ldb1 −/− ESC-derived hematopoietic progenitors can be attributed entirely to the absence of Ldb1.
Requirement for Ldb1 in fetal HSC maintenance
The absence of Ldb1 −/− LTR-HSCs in fetal and adult chimeric mice suggested the possibility that Ldb1 is required for HSC maintenance. However, as hematopoietic specification was impaired in the absence of Ldb1 (Fig. 1a) , it was possible that LTR-HSCs were not generated or that Ldb1 −/− LTR-HSCs were defective in their ability to efficiently home to and colonize the fetal liver and adult bone marrow. To address these issues, we made use of a loxP-flanked allele of Ldb1 (Ldb1 fl ) generated by gene targeting 20 . Inactivation of Ldb1 fl was mediated by Cre recombinase expressed transgenically from the promoter of the gene encoding the tyrosine kinase Tie2 (Tie2-Cre) 21 , as published experiments with mice with conditional knockout of loxP-flanked alleles of the gene encoding Scl (Tal1; called 'Scl' here) mediated by Tie2-Cre have demonstrated that Tie2-Cre results in efficient deletion of this gene in fetal liver HSCs; however, gene deletion does not take place until after HSC specification 22 . To increase the efficiency of Ldb1 inactivation, we deleted one Ldb1 allele in the germline to generate Ldb1 fl/∆ mice. Similar to Ldb1 +/− mice, Ldb1 fl/∆ mice were viable and fertile and showed no hematopoietic defects (data not shown).
Tie2-Cre Ldb1 fl/∆ embryos developed normally through E12.5, but by E13.5, all embryos showed widespread hemorrhage and edema, and we detected no live embryos after E14. 5 (ref. 17) . We confirmed Tie2-Cre-mediated deletion of Ldb1 by PCR analysis of genomic DNA from total fetal liver cells (Supplementary Fig. 4a ). Tie2-Cre Ldb1 fl/∆ fetal livers and fetal livers from littermate control mice (Ldb1 fl/∆ , Ldb1 +/fl and Tie2-Cre Ldb1 +/fl ) at E12.5 contained similar numbers of LSK cells with equivalent expression of the chemokine receptor CXCR4 ( Fig. 3a and Supplementary Fig. 4b ), which indicated that HSC population expansion and homing of HSCs to fetal liver were not impaired in Tie2-Cre Ldb1 fl/∆ mice. However, LSK cells from Tie2-Cre Ldb1 fl/∆ fetal livers at E12.5 did not show long-term repopulating potential, as donor-derived CD45.2 + LSK cells were undetectable in recipient bone marrows 16 weeks after adoptive transfer (Fig. 3b) . Thus, continuous expression of Ldb1 is essential for the maintenance of fetal LTR-HSCs.
LSK cells can be fractionated into two populations on the basis of expression of the tyrosine kinase receptor Flt3. Flt3 − LSK cell 23, 24 . Flt3 + LSK cells (multipotent progenitor populations (MPPs)) are generated from Flt3 − LSK cells and are multipotent but lack self-renewal potential 23, 24 .
Fetal liver LSK cells from control embryos at E12.5 included similar numbers of Flt3 − HSCs and Flt3 + MPPs (Fig. 3a) . However, in Tie2-Cre Ldb1 fl/∆ embryos at E12.5, the number of Flt3 − LSK cells was consistently lower than the number of Flt3 + LSK cells (Fig. 3a) .
We confirmed the lower number of HSCs in Tie2-Cre Ldb1 fl/∆ fetal livers by an alternative staining method that identifies a cell population (Lin − Sca-1 + c-Kit + CD48 − CD150 + ) highly enriched for HSCs 25 ( Fig. 3a) . Notably, the percentage of cycling and apoptotic (annexin V-positive) LSK cells was similar in Tie2-Cre Ldb1 fl/∆ and control fetal livers ( Supplementary Fig. 4c,d ). We also detected no defects in cell cycle or survival in Ldb1 −/− fetal liver LSK cells from Ldb1 −/− ESC chimeras (Supplementary Fig. 5a ). Analysis of Ldb1 −/− fetal liver LSK cells during progressive days of gestation demonstrated that the HSC/MPP ratio decreased between E13.5 and E16.5 ( Fig. 2c and Supplementary Fig. 5b,c) , which indicated that HSCs underwent gradual depletion. These findings suggested that the loss of HSCs after inactivation of Ldb1 was caused by their differentiation rather than by defects in proliferation or survival. To determine if Ldb1 is also required at other stages of hematopoiesis, we evaluated the colony-forming potential of Tie2-Cre Ldb1 fl/∆ fetal liver cells at E12.5 in methylcellulose cultures. Tie2-Cre Ldb1 fl/∆ fetal liver cells generated considerably fewer colonies than did control fetal liver cells; this mainly reflected a lower number of definitive erythroid colonyforming progenitors (Supplementary Fig. 4e,f) . Together with published studies 17 , these results identify a selective requirement for Ldb1 downstream of the HSC in cells of the erythroid lineage.
Requirement for Ldb1 in the maintenance of adult HSCs
To determine if Ldb1 is required for the maintenance of adult HSCs, we used adult Ldb1 fl/fl mice with expression of Cre driven by the interferon-inducible promoter of the gene encoding Mx1 (Mx1-Cre) and inactivated Ldb1 by injecting polyinosinic-polycytidylic acid (poly(I:C)) 26 . We confirmed the induction of Cre recombinase by poly(I:C) in adult bone marrow LSK cells in Mx1-Cre Rosa26-loxPstop-loxP-green fluorescent protein reporter mice and verified deletion of Ldb1 in bone marrow cells by PCR amplification of genomic DNA (Supplementary Fig. 6 ). We administered three injections of (Fig. 4c) . We also confirmed the absence of HSCs in recipient mice by the absence of CD45.2 + granulocytes, immature CD4 + CD8 + thymocytes and immature B cells (Fig. 4c and data not shown) . To evaluate the consequences of Ldb1 deletion under conditions that do not require homing or population expansion of HSCs, we first generated bone marrow chimeras with a 50:50 mixture of bone marrow from Mx1-Cre Ldb1 fl/fl (CD45.2) mice and B6 (CD45.1) mice. After confirming stable bone marrow chimerism, we injected mice with poly(I:C) and analyzed hematopoietic cells at various time points after Ldb1 deletion. In these experiments, Mx1-Cre Ldb1 fl/fl LSK cells also underwent rapid depletion after inactivation of Ldb1 (Fig. 4d) , which demonstrated that the defect in adult HSCs was cell autonomous.
Regulation of HSC-maintenance genes by Ldb1
The continuous requirement for Ldb1 in both fetal and adult HSCs suggested that multimeric Ldb1-nucleated transcription complexes may regulate the expression of genes essential for HSC maintenance. Analysis of sorted LSK cells by real-time PCR showed that hematopoietic progenitor cells had high expression of Ldb1, as well as genes encoding putative Ldb1 complex subunits, including Lmo2, Lyl1, Scl and Gata2 (but not Gata1; Fig. 5a and data not shown). We next evaluated the effect of Ldb1 downregulation on the expression of a set of 28 genes shown by published gene-deletion studies to be A r t i c l e s essential for the specification and/or maintenance and self-renewal of HSCs 3,10,27-29 . We enriched cell populations for bone marrow hematopoietic progenitor cells by depletion of Lin + cells on day 3 after injection of poly(I:C), when the percentage and number of CD34 − (and Flt3 − ) LSK cell progenitors were similar in control and Mx1-Cre Ldb1 fl/fl mice (Supplementary Fig. 7 ). Ldb1 transcripts in progenitor-enriched bone marrow cell populations from poly(I:C)-treated Mx1-Cre Ldb1 fl/fl mice at this time point were diminished to <25% of the abundance in control mice (Fig. 5b) . Notably, transcripts of 14 of the 28 HSC-maintenance genes assayed, including Pbx1, Meis1, Runx1, Myb, Pten and Foxo3a were also significantly lower in abundance after deletion of Ldb1 (Fig. 5b) . Among the downregulated transcripts were those encoding subunits of the Ldb1 complex (Lmo2, Scl, Lyl1 and Gata2), which suggested a positive autoregulatory function for Ldb1 A r t i c l e s complexes in the expression of these genes. In contrast, transcripts encoding the transcription factor Gfi1 were greater in abundance after deletion of Ldb1 (Fig. 5b) , which suggested an inhibitory function for Ldb1 complexes in the regulation of this gene.
To determine if Ldb1 complexes bind to sites at or near genes involved in HSC maintenance, we next analyzed bone marrow enriched for progenitor cells by ChIP-Seq screens 30, 31 with antibody to Ldb1 (anti-Ldb1) as well as with anti-Scl and anti-GATA-2, as these represent likely DNA-binding subunits of Ldb1 complexes expressed in HSCs. Notably, we detected Ldb1 complex-binding sites, which were localized to 200-base pair genomic fragments by ChIP-Seq analysis, in the promoter (<5 kb from the transcription start site) and/or in the gene body of 20 of the 28 HSC-maintenance genes analyzed (Fig. 5b, Supplementary Fig. 8 and Supplementary  Tables 1 and 2) . The enrichment for Ldb1 complex-binding sites in the HSC gene set was significant relative to the abundance of binding sites in randomly selected gene sets (P < 0.00000007; hypergeometric test). Of the 14 genes downregulated after deletion of Ldb1, 10 (71%) contained Ldb1 complex-binding sites in their promoter or gene body, and half of all the genes involved in HSC maintenance with Ldb1 complex-binding sites contained a binding site in the promoter (Supplementary Table 1) .
The ChIP-Seq results for Ldb1, Scl and GATA-2 were highly correlated at sites in or near HSC genes (Figs. 5b and 6a,d and Supplementary Fig. 8 ), which indicated that most Ldb1 complexes that bound at these sites contained Scl and/or GATA-2. Of the 20 genes in which we detected Ldb1 complex-binding sites in the promoter or gene body with anti-Ldb1, 90% contained an Scl-or GATA-2-binding site, and 65% contained binding sites for both Scl and GATA-2 (Fig. 5b) . Moreover, of the 39 DNA fragments in the HSC gene set identified as Ldb1 complex-binding sites by ChIP-Seq with anti-Ldb1, 90% were also identified as Scl-and/or GATA-2 binding sites (Supplementary Fig. 9 ). Consistent with those results, 30 of 39 of the Ldb1 complex-binding sites contained one or more conserved GATA motifs; 31 of 39 sites contained one or more conserved CANNTG (E-box) motifs (where 'N' is any nucleotide); and 25 of 39 sites contained both motifs ( Fig. 6b and Supplementary Table 2) . The GATA sites closely matched the revised consensus GATA transcription factor-binding motif (WGATAA, where W represents A or T) 32 (Fig. 6c) . We found that 70% of all GATA motifs were paired with complete (CANNTG) or partial (TG) E-box motifs located seven to ten base pairs upstream of the GATA sequence (CANNTG-N 7-10 -GATA or TG-N 7-10 -GATA), and one third of the DNA fragments contained partial or complete E-box-E-box paired motifs (CANNTG-N 7-10 -CANNTG or TG-N 7-10 -CANNTG; Supplementary Table 2 and data not shown). Overall, 69% (27 of 39) of the DNA fragments contained at least one paired motif matching a known Ldb1 complex-binding site 7, 33 (Supplementary Table 2 ).
We detected one or more highly conserved binding consensus sequences for other transcription factors, including Runx1, ETS (PU.1), Gfi1, Myb, C/EBP, Meis1, Nkx, Foxo and Smad (Supplementary Table 2 ), in each of the DNA fragments identified as Ldb1-binding sites, which indicated that the Ldb1-binding sites were in important regulatory domains. In addition, we detected Ldb1 complex-binding sites in 11 of 12 known regulatory elements in the vicinity of the genes involved in HSC maintenance (Fig. 6a, Supplementary Tables 3 and 4 and Supplementary Fig. 8 ). Binding of Scl and GATA-2 correlated with binding of Ldb1 at these sites (Fig. 6a,d and Supplementary  Figs. 8 and 9 ) and the distribution of E-box and GATA motifs, as well as E-box-GATA paired motifs, in these binding sites was similar to that observed for sites in the promoter or gene body of genes involved in HSC maintenance (Fig. 6b and Supplementary Table 4) . We also identified Ldb1 complex-binding sites near Cebpa and Gfi1, genes that did not contain such binding sites in their promoter or gene body but were significantly downregulated (Cebpa) or upregulated (Gfi1) after downregulation of Ldb1 (Fig. 5b and Supplementary Fig. 8 ). These binding sites contained conserved GATA and E-box sequences as well as conserved binding motifs for Ets, Gfi1, Runx and Meis1 (data not shown), which suggested they were in previously unknown regulatory elements. A r t i c l e s DISCUSSION Our results have demonstrated an essential and continuous requirement for Ldb1 for the maintenance of both fetal and adult HSCs. Most proteins identified as having an important role in HSC maintenance are required in fetal or adult HSCs but not both 3, 29, [34] [35] [36] . The phenotype elicited by Ldb1 inactivation also differed from that of other genes critical for HSC maintenance in the rapidity with which HSCs were lost and the finding of no overt defects in the proliferation or survival of HSC cells. A possible explanation for our findings is that Ldb1 complexes coordinate the expression of genes that function to prevent HSC differentiation. Consistent with that idea, deletion of Ldb1 resulted in skewing of the ratio Flt3 − LSK cells to Flt3 + LSK cells (HSCs/MPPs), which indicated the loss of HSCs was accompanied by a transient increase in the number of non-self-renewing MPPs.
Although the precise subunit composition of Ldb1-nucleated complexes expressed in HSCs remains to be defined, several lines of evidence indicate that they include Lmo2, GATA-2, E2A and Scl (or Lyl1). Each of these subunits has been detected in multimeric Ldb1 complexes 7, 8, 33, [37] [38] [39] , and each has high expression in hematopoietic progenitors. Lmo2, GATA-2, E2A, Scl or Lyl1, and now Ldb1, have been shown to be required for HSC specification and/or HSC maintenance [9] [10] [11] [12] [13] [14] . The high correlation of the binding of Ldb1, Scl and GATA-2 at sites containing conserved E-box-GATA sequence motifs further supports the idea that these proteins function cooperatively in the same complex. Although each of the putative subunits of the Ldb1 complex in HSCs is necessary for HSC maintenance, the phenotype elicited by deletion of Ldb1 was particularly severe in that HSCs were lost far more rapidly after deletion of Ldb1 than after deletion of any other single subunit, which suggested that whereas Ldb1 is indispensable, some functional redundancy exists among the other subunits. Indeed, it has been shown that either Scl or Lyl1 is required for HSC maintenance, which demonstrates that these closely related basic helix-loop-helix proteins have partially redundant functions in hematopoietic progenitor cells 11 .
Our ChIP-Seq screening confirmed published data obtained by conventional ChIP demonstrating that the Lmo2 enhancers located −75 kilobases (kb) and −25 kb relative to the transcription start site 40 and the Runx1 HSC enhancer located +23 kb relative to the transcription start site 38 bind Ldb1, Scl, Lmo2 and GATA-2. In addition, we identified Ldb1 complex-binding sites in known regulatory elements in or near Gata2, Scl, Lyl1, c-Myb and Erg, which have been shown before to bind Scl 41 . Notably, the single enhancer element not bound by Ldb1 complexes (Scl; +19 kb relative to the transcription start site) is known to bind a different multimeric complex composed of GATA-2 and the Ets proteins Fli-1 and Elf-1 in HSC lines 42 .
Our data suggest that Ldb1 complexes accomplish an important function in regulating the transcription of a large number of genes critical to HSC maintenance. Although in some cases the effect of Ldb1 downregulation on gene expression seemed to be indirect, ChIPSeq screening identified Ldb1 complex-binding sites in or near a large percentage of the 28 HSC genes surveyed. Nearly all of these Ldb1 complex-binding sites contained consensus partial or complete paired E-box-GATA or E-box-E-box motifs shown before to be Ldb1 complex-binding sites 7, 33 , as well as conserved binding sites for other hematopoietic transcription factors. In addition, we identified Ldb1 complex-binding sites at 11 of 12 known hematopoietic enhancer elements. Together these findings support a model whereby Ldb1 complexes regulate a core transcriptional program necessary for HSC maintenance. Ldb1 complexes show several parallels to Oct-4, Nanog and Sox2, the core transcriptional mediators of ESC maintenance. Similar to Ldb1 complex subunits, Oct-4, Nanog and Sox2 function cooperatively, perhaps through the formation of a multimeric complex, bind to the same genomic sites together with additional transcription factors, show autoregulatory activity, and coregulate the expression of many genes essential for the maintenance of stem cells 1,2 . Notably, although it was expressed in ESCs, Ldb1 was not required for ESC maintenance, which suggests that it may instead function to 'prime' ESCs for differentiation after the induction of lineage specific transcription factors that require Ldb1 for their activity.
Ldb1 has high expression in HSCs and erythroblasts but is considerably downregulated in all other hematopoietic lineages 17 . Commitment of HSCs to the erythroid lineage is triggered by induction of GATA-1 and the (GATA-1-mediated) repression of Gata2, which results in a switch in the subunit composition of Ldb1 complexes 43 . Accordingly, the triggering event for HSC differentiation might involve either downregulation of Ldb1 or the formation of Ldb1 complexes with different subunit composition (GATA-1 versus GATA-2). Overexpression of Lmo2 in immature thymocytes reinstates a self-renewal program closely resembling that in HSCs, which suggests that sustained expression of partial or complete Ldb1 complexes in T cell progenitors promotes self-renewal 44 . However, Ldb1 complexes that contain GATA-1 induce erythroid gene expression and therefore function to promote the terminal differentiation of erythroid cells 17, 37, 45 . In summary, our results have established a critical role for Ldb1 in the maintenance of fetal and adult HSCs and have provided evidence that Ldb1-nucleated complexes function by regulating a core transcriptional program required for HSC 'stemness' and by restricting HSC differentiation.
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